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Recent years have seen vast progress in the generation and detection of structured light, with
potential applications in high capacity optical data storage and continuous variable quantum tech-
nologies. Here we measure the transmission of structured light through cold rubidium atoms and
observe regions of electromagnetically induced transparency (EIT), using the phase profile as control
parameter for the atomic opacity. With q-plates we generate a probe beam with azimuthally varying
phase and polarisation structure, and its right and left circular polarisation components provide the
probe and control of an EIT transition. We observe an azimuthal modulation of the absorption
profile that is dictated by the phase and polarisation structure of the probe laser. Conventional EIT
systems do not exhibit phase sensitivity. We show, however, that a weak transverse magnetic field
closes the EIT transitions, thereby generating phase dependent dark states which in turn lead to
phase dependent transparency, in agreement with our measurements.
Introduction: The coherent interaction of light with
atoms can cause quantum interference between the exci-
tation amplitudes of different optical transitions, dramat-
ically changing the optical response of a medium. Per-
haps the most intriguing example of this is electromag-
netically induced transparency (EIT) [1, 2], rendering a
medium transparent for resonant probe light when simul-
taneously exposed to an additional control beam. The
anomalous dispersion associated with the ‘transparency
window’ has been exploited for the generation of slow
and stopped light [3, 4], and related techniques have led
to EIT based quantum memories [5–9].
In this letter we report spatially varying optical trans-
parency, achieved by exposing an atomic medium to a
single light beam with an azimuthally varying polari-
sation and phase structure [10]. Such a light mode is
structurally inseparable in its polarisation and angular
position, an effect sometimes referred to as ‘classical en-
tanglement’ [11–13]. If this light is driving a Hanle res-
onance [14], the left and right-handed circular polarisa-
tion components constitute the probe and control for the
EIT transition respectively, leading to azimuthally vary-
ing atomic dynamics.
It is well established that radially polarised light modes
can be focused beyond the diffraction limit [15], and light
with an azimuthal polarisation structure has been pro-
posed for enhanced rotational sensing in so-called pho-
tonic gears [16]. The interaction of atoms with phase
structured light has been exploited in a variety of ex-
periments, for EIT systems [17–19] as well as for four-
wave mixing [20]. Very recently the first phase-preserving
quantum memory has been demonstrated by driving EIT
transitions with light entangled in its polarisation and an-
gular position [21, 22] and storing phase-dependent op-
tical information in EIT coherences. In contrast, here
we generate spatially varying atomic dark states, ren-
dering the atoms transparent to light at specific angular
b)a)
FIG. 1: EIT level scheme with phase dependent driving
fields. a) Schematic of the atomic energy levels, optical cou-
pling to the excited state (insets show phase represented as
hue colour and intensity as saturation), and weak magnetic
coupling between the ground states. b) Alternative level
scheme expressed in terms of partially dressed states; the in-
set is a theoretical simulation of the absorption profile from
|ψNC〉 to |e〉. Details in main text.
positions. This offers potentially more robust storage,
as atoms in dark states are decoupled from the electro-
magnetic fields. The self-modulation of the incident light
beams effectively converts phase into intensity informa-
tion.
It has been shown theoretically that phase-dependent
population dynamics require closed linkages between the
excitation amplitudes [23]. Here, we demonstrate that a
closed loop system can be realised by coupling the EIT
ground states with a weak transverse magnetic field, and
theoretically describe the phase-dependent interaction,
before presenting the realisation.
Theory: We consider the atomic Λ system shown in
Fig. 1a). The atomic ground states, |g±1〉, are Zeeman
sublevels of the same hyperfine state with magnetic quan-
tum numbers mF = ±1, coupled to the excited state |e〉
by the left and right (σˆ±) circularly polarised components
of a probe laser, respectively. In the absence of a mag-
2netic field the process is two-photon resonant, providing
ideal conditions for EIT. Any detuning from two-photon
resonance results in reduced transparency. Here we are
posing the question of whether the transparency of an
atomic medium is also affected by a phase difference be-
tween the complex excitation amplitudes.
We consider probe light with an electric field amplitude
Eˆ(r, ϕ) =
1√
2
E0(r)
(
σˆ+e
−i`ϕ + σˆ−ei`ϕ
)
, (1)
which is correlated in its spin and orbital angular momen-
tum (OAM). Here ϕ denotes the azimuthal angle and `
is an integer. A left (right) circularly polarised photon
then has a phase dependence e∓i`ϕ, corresponding to an
OAM of ∓`~, [24, 25]. Each polarisation component has
a uniform azimuthal intensity, with a central dark vortex
core. As orthogonal polarisations do not interfere, the
total beam has the same uniform azimuthal intensity.
This light couples to the atoms via the dipole Hamil-
tonian
HˆD = Dˆ · Eˆ = ~Ω√
2
(
e−i`ϕ|g−1〉〈e|+ ei`ϕ|g+1〉〈e|
)
+ h.c.
= ~Ω|gC〉〈e|+ h.c. (2)
where E0(r) is incorporated into the Rabi frequency Ω =
Ω(r), and in the second line we have introduced the ϕ-
dependent partially dressed states
|gC,NC〉 = 1√
2
(
e−i`ϕ|g−1〉 ± ei`ϕ|g+1〉
)
. (3)
Note that spontaneous emission causes equal decay
into each of the atomic ground states, driving the atom
out of the coupling state |gC〉 into the non-coupling state
|gNC〉 or the unperturbed atomic state |g0〉 after very few
absorption-emission cycles. The system exhibits phase-
dependent coherences, but as |gNC〉 is rotationally sym-
metric, atomic populations and hence absorption are
phase independent. This, of course, was expected, as
phase-dependent populations require a closed loop level
system [23, 26].
Any magnetic field, as long as it is not aligned with the
probe beam propagation direction, will perturb the rota-
tional symmetry. We consider an arbitrary magnetic field
B = B(cos θzˆ+ sin θxˆ), where the light propagates along
zˆ and for simplicity we have chosen xˆ to be the trans-
verse direction of the B-field. The Bz component sets the
quantisation axis. We are interested in the regime where
the associated Zeeman shift is well within the atomic
linewidth. The transverse component, instead, couples
the lower ground states |g±1〉 and |g0〉.
The total interaction Hamiltonian Hˆ = HˆD + HˆB in-
cludes, in addition to (2), the magnetic interaction, which
in the weak field limit is:
HˆB = gFµBFˆ · ~B
= ~β
[
cos θ(|g+1〉〈g+1| − |g−1〉〈g−1|)
]
(4)
− ~β
[ sin θ
2
(|g0〉〈g+1|+ |g0〉〈g−1|+ h.c.)
]
,
where Fˆ is the total angular momentum operator and
we have defined the magnetic parameter β = gFµBB.
The first term describes the Zeeman shift of |g±1〉 due to
Bz, whereas the second term describes the mixing of |g0〉
with |g±1〉, as illustrated in Fig. 1a). It is instructive to
introduce a modified basis set of partially dressed states,
combining |gNC〉 and |g0〉:
|ψ0〉 = 1
N(ϕ)
[− cos θ|gNC〉+ sin θ cos (`ϕ)|g0〉],
|ψNC〉 = 1
N(ϕ)
[
sin θ cos (`ϕ)|gNC〉+ cos θ|g0〉
]
, (5)
where N(ϕ) =
√
1− sin2 θ sin2(`ϕ) ensures normalisa-
tion. Together with |gC〉 these form a complete basis set,
in which the Hamiltonian can be rewritten as
Hˆ =~Ω|gC〉〈e| − ~βN(ϕ)|ψ0〉〈gC| (6)
− i~β sin θ sin(`ϕ)|ψNC〉〈ψ0|+ h.c.,
forming the ladder system shown in Fig. 1b). In this
basis |gC〉 couples optically to the excitated state and
magnetically to |ψC〉, which in turn couples magneti-
cally to |ψNC〉. Importantly, at certain angles ϕn = npi/`
(n ∈ N), the state |ψNC〉 decouples from all fields com-
pletely. At those angles, once atoms have decayed into
the dark state |ψNC〉, light can pass unhindered. While
EIT is often studied as a function of detuning, here
we consider resonant excitation. In this case we find
the absorption profile by evaluating Fermi’s Golden rule,
Ti→f ∝ 2pi~ |〈i|H|f〉|2:
TψNC→e ∝
(
2pi
~
)3
|~Ω|2|~β|4 |sin θ sin(`ϕ)|2N(ϕ)2
θpi/2−−−−→
(
2pi
~
)3
|~Ω|2|~β|4|θ|2 |sin(`ϕ)|2 . (7)
For magnetic fields that have a small transverse com-
ponent to the probe light propagation, the absorption
profile varies sinusoidally with a periodicity of 2`, shown
in the inset in Fig. 1b), whereas for larger θ the absorp-
tion acquires additional structure with twice the period-
icity.
Experimental Setup & Procedure: Our experimental
setup utilises q-plates [10], liquid-crystal based retar-
dation waveplates with an inhomogeneous optical axis,
which exhibit an azimuthal topological charge q. Apply-
ing an AC external voltage sets their retardation to pi
3Q Plate
FIG. 2: Probe light generation and differential driving of
the atomic transitions. A linearly polarised Gaussian probe
beam impinges onto a q-plate, here shown for q = 1. Its
right and left circular polarisation components are encoded
with opposite OAM, driving transition amplitudes from the
different magnetic sub-levels of the atoms.
[27] such that they convert σ± to σ∓ exp(±i2qϕ). Con-
sequently, linear polarised light generates correlations be-
tween polarisation and azimuthal angle of the probe laser,
illustrated in Fig. 2.
The electric field (1) is generated by passing a linearly
polarised probe laser through a q-plate with q = `/2
along the beam path shown in Fig. 3a). Panels b) and
c) show the intensity profile of the probe beam before
and after a q = 1 q-plate. Optional waveplates may be
added to alter the polarisation profile. A lens images the
far field of the q-plate onto the atoms, which are further
imaged onto a CCD camera.
Our experiments are performed on cold, trapped 87Rb
atoms, using the hyperfine transition 52S1/2(F = 1) →
52P3/2(F
′ = 0). We prepare the sample in a dynamic
dark spontaneous force optical trap (SPOT) [28], pro-
viding a high density (2 × 1011cm−3) cloud in the lower
F = 1 ground state.
An experimental run loads a standard MOT for 6 s,
reloaded into a SPOT for 250 ms. All trapping lasers are
then switched off and the cloud expands for typically 3 ms
to achieve the desired density of 2 × 1011cm−3, chosen
to produce the highest contrast absorption images. The
q-plate beam is switched on for ∼ 1 ms and images are
recorded in the presence of atoms (IAtoms), in the absence
of atoms (IProbe) and without lasers (IDark).
In the MOT and SPOT the atoms are exposed to
the typical quadrupole magnetic field generated by anti-
Helmhotz coils. During the atomic expansion we switch
off the quadrupole field and add a weak linear magnetic
field of 0.1 G by modifying the currents in the compensa-
tion coils. This field is predominantly in the longitudinal
direction (θ  pi/2) with an associated Zeeman shift of
less than 1 % of the atomic linewidth.
The transparency profile can be observed directly in
the transmitted probe intensity (single shot image shown
in Fig.3d)), but in order to quantify the expected si-
nusoidal absorption profile we present our data as ab-
sorption images. The absorption coefficient is propor-
tional to the optical density, OD = log
(
IProbe−IDark
IAtoms−IDark
)
. At
Q Plate
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FIG. 3: Experimental setup and initial results. a) Experi-
mental beam path. b) Intensity profile of the input beam, c)
of the probe beam generated by the q-plate of q = 1, and d)
after absorption from the atoms. e) Corresponding absorption
image and polar plot at radius of maximal contrast.
a) b) c)
d) e) )f
FIG. 4: Absorption patterns for higher q-values, each show-
ing a 4q-fold symmetry, for q = 2 (a), q = 3 (b), q = 5 (c),
q = 12 (d) and q = 100 (e), with a zoom of the marked section
in (f). All absorption patterns arise from single shot images.
low intensity regions the optical density is noisy and/or
undefined. We therefore scale our results by a factor
of
√
IProbe to enhance the meaningful areas of interest
(Fig. 3e)). This scaling of course does not affect the az-
imuthal sinusoidal variation but only the radial intensity
profile. Note that bright areas in the absorption image
correspond to positions of low light transmission and vice
versa.
Results & Discussion: The procedure outlined above
generates a probe beam containing right and left handed
circularly polarised components with ±2~ units of OAM,
which drive transitions from |g∓1〉, respectively. The ab-
sorption profile, shown in Fig. 3e), shows four-fold sym-
metry, satisfying the 2` sinusoidal absorption profile pre-
dicted in (7).
Fig. 4 demonstrates that this result holds also for
higher rotational symmetries, using different q-plates.
All absorption profiles, generated for different q-plates,
clearly display the expected 2` lobes.
So far we have interpreted spatial transparency as
a result of interference between transitions driven by
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FIG. 5: Absorption profiles as function of input polarisation
for a probe beam with q = 1. a) Rotation of linear input po-
larisation via a λ/2 plate before the q-plate at angle α Probe
polarisation profile (top row), and associated measured ab-
sorption profile (lower row). To visualise the rotation of the
absorption profile with input polarisation we display at the
right the polar plot of the absorption profile as a function
of α, taken every 5 degrees. b) Variation of input ellipticity
via a λ/4 plate infront of the q-plate. The resulting polari-
sation profiles vary between a vector vortex beam at α = 0,
associated with maximum contrast in the absorption profile,
and a purely circularly polarised beam at α = 45◦, generat-
ing minimal contrast. c) Adding a λ/4 plate after the q-plate
changes the symmetry of the observed pattern. No averaging
or smoothing procedures have been applied.
the oppositely-phased right and left circular polarisation
components. Alternatively, we may consider the over-
all probe polarisation profile. Our quantisation direction
is along the beam propagation. All linear polarisations
can then be decomposed into two circular components
of equal amplitude, with their relative phase governing
the polarisation angle. The probe beams considered for
Figs. 3 and 4 have an azimuthally varying phase differ-
ence, corresponding to vector vortex beams. The exci-
tation amplitudes interfere only at positions where the
local polarisation is aligned with the quantisation axis
set by the magnetic field, causing transparency.
We further probe the EIT mechanism by changing the
incident polarisation. Based on the system symmetry,
one would expect that rotating the linear polarisation be-
fore the q-plate simply turns the absorption profile. We
test this experimentally by rotating a λ/2-plate placed
before the q-plate. The observed absorption profiles are
shown in Fig. 5a) for specific λ/2- plate angles. The un-
wrapped azimuthal profiles displayed on the right panel
of Fig. 5a) combine azimuthal data from 19 individual
λ/2-plate positions, confirming that the absorption pro-
file follows the input polarisation.
Placing instead a λ/4-plate before the q-plate, we can
adjust the probe beam’s ellipticity from linear to circular.
For linear polarisation we retrieve the patterned absorp-
tion as before. Purely circular light however, is converted
by the q-plate into oppositely circular light and acquires
OAM. It will excite only atoms in one of the ground states
|g±1〉 and optically pump them into the others, which un-
like the state |ψNC〉 are spatially uniform. The resulting
absorption images, shown in Fig. 5b), reveal a clear four-
lobed pattern at 0 degrees and uniform absorption at
about 45 degrees. The unwrapped data, on the right of
Fig. 5b), shows the emergence of the absorption structure
as a function of the λ/4-plate angle.
Fig. 5c), finally, shows the increase of the rotational fre-
quency by placing a λ/4-plate after the q-plate, resulting
in 4` absorption lobes. We note that the atomic system
essentially behaves as an ‘inverse’ linear polariser, with
its axis coincident with the quantization axis set by the
magnetic field. The petal-like absorption pattern is remi-
niscent of the petal mode transmission patterns observed
by inserting the q-plate between crossed linear polarizers
- our ‘atomic polariser’ however maintains a memory of
the incident light.
Conclusion: We have demonstrated spatially struc-
tured transparency by probing atoms with vector vortex
light. The atomic absorption profile reflects the spatial
polarisation variation across the probe beam. We have
shown that mixing of the magnetic ground states by a
weak magnetic field enables the interference between two
excitation amplitudes driven by the different polarisa-
tion components of a single probe laser with differential
spatial phase profiles. The system contains a spatially
varying dark state, whose population in turn resulted in
a self-modulation of the incident light beams. Spatial ab-
sorption patterns were recorded for a variety of q-plates
and input polarisations, showing that the symmetry of
the absorption profile is linked to the symmetry of the
input polarisation pattern, whereas the contrast of the
absorption profile depends on the balance between the
excitation amplitudes.
While we have demonstrated spatially dependent EIT
for the special case of vortex light beams, the mecha-
nism applies to any light where the circular polarisa-
tion components have a different spatial phase profile.
Furthermore, while we have used classical light fields, in
principle even the circular polarisation components of a
single photon could be encoded with different phase pro-
files, and written into atomic dark states. We hence ex-
pect that spatially dependent EIT has applications for
the storage of high-dimensional optical information in
5phase-dependent quantum memories. Finally we note
that spatially dependent EIT offers the exciting possibil-
ity to convert the local correlation between polarisation
and azimuthal angle of the probe laser, via the Hanle res-
onances, into a non-local correlation between the spatial
intensity profile of the transmitted light and the atomic
population profile.
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